In the manufacture and use of the several thousand chemicals employed by technological societies, portions of these chemicals escape or are intentionally introduced into the environment. The behavior, fate, and to some extent the effects produced by these chemicals are a result of a complex interaction of the properties of the chemical with the various processes governing transport, degradation, sequestration, and uptake by organisms. In addition, such processes as adsorption, evaporation, partitioning, and degradation are influenced by ambient conditions of temperature, air movement, moisture, presence of other chemicals, and the concentration and properties of the subject chemicals. These influence the level and extent of exposure to these chemicals that man might receive. Study of the physicochemical properties of compounds in relation to these various processes has provided a basis for better understanding of the quantitative behavior. Such information is useful in development of predictive models on behavior and fate of the chemicals in relation to human exposure. Beyond this, it provides information that could be used to devise procedures of manufacture, use, and disposal that would minimize environmental contamination. Some of the physical principles involved in chemodynamics are presented in this review.
Introduction
During the past three decades there has been nearly an exponential increase in the amount and number of chemicals used by modern society (1) (2) (3) . This situation is a result of the productivity of the synthetic chemist in responding to man's desire for a higher standard of living. Thus, we have a continuing increase in the production and use of drugs, food additives, pesticides, and industrial chemicals (1, 2, (4) (5) (6) .
The types of classes of chemicals used range from simple aliphatic organic chemicals to complex polynuclear compounds to high molecular weight polymers. Also included are a variety of inorganic substances of widely different properties. Tables I  and 2 The use of these chemicals has provided society with better health and a higher standard of living. However, the proliferation of chemical usage has elicited concern over the long range effect of these materials on man and his environment. The reason for this concern is the realization that many chemicals have become widespread environmental contaminants (1, (8) (9) (10) (11) (12) . Thus, it is apparent that our knowledge of chemical behavior has not kept pace with the technology required to produce chemicals.
Two major categories of environmental pollutants are pesticides and industrial chemicals (2, 13) . Pesticides have received the most attention, since they are used on food crops and are applied to large areas of the environment (14) (15) (16) (17) . The ubiquitous nature of chlorinated hydrocarbon pesticide residues was a major factor in demonstrating the important role of behavior of a chemical in the environment (10, 12, 14, 15, (17) (18) (19) (20) (21) (22) . However, pesticides are not unique chemicals which predispose them to become environmental contaminants. It has been amply demonstrated that many of the inOctober 1977 55 dustrial chemicals such as polychlorobiphenyls and organohalogens have also become widely distributed (4, 5, 11-13, 15, 21, 23) . Thus, there is potential for widespread dissemination of residues of any chemical.
The basis of concern of chemicals in the environment is whether or not the substance will effect the health and welfare of man. The effect may be a direct one, producing a lesion or deterioration of health; it may be indirect, producing a less healthful environment or restricting food production or other activities of man; or it may be a remote effect causing a deterior-ation of environmental quality. It is, of course, important to prevent these consequences if we are to protect the health and welfare of man. It would seem the prudent course of action to prevent health hazards in preference to having to attempt to ameliorate the effects of such exposure. However, until there is an understanding of the transport and behavior of chemicals in the environment, it is difficult to devise the appropriate methods of preventing environmental exposure. With the appropriate understanding, methods of manufacture, handling, use and disposal can be devised to abate the problem. Similarly, a knowledge of transport through food chains or by physical means permits the appropriate avoidance reaction. A number of examples could be cited to illustrate how a prior understanding of the chemodynamics of a compound could have been utilized to avoid problems such as with DDT, PCBs, mercury, vinyl chloride, and various heavy metals.
If one were to consider the path followed by a chemical from its release or escape to the site of action in an organism or population of organisms, it would be found that there are at least four major steps, namely: interaction of the chemical with the environment during its transport to the boundary of the organism; interaction with the boundary of the organism; passage through the boundary; and intracellular action of the chemical. These four steps give a means of partially relating the properties of the chemical to the ultimate action on the biota. It is with the first step, that the chemodynamics is primarily concerned with and it is the step at which preventive action can be taken. At each of the four steps, a number of different processes or reactions can occur. Certain of these processes or reactions are common in several of the steps. These processes or reactions are dependent on both the properties of the chemical as well as the property of the particular element of the system with which it may be interacting. On this basis then, the physical chemical properties of the compound permits some prediction of probable behavior and an estimate of whether the exposure received by man is likely to produce serious consequences. Table 3 attempts to identify the different processes that may be associated with the four different steps described above.
From the foregoing it can be seen that there are some general processes or reactions common to two or more of the steps. (1, 10, 15, 22, 23, 27) .
The chemicals used as starting materials or intermediates in manufacture may end up as residues in air through vaporization (14, 15, 24, (28) (29) (30) , in surface and underground water through contact and leaching (18, (31) (32) (33) (34) , by sewage effluents (1, 4) , or in soil through adsorption (19, 23, 29, (35) (36) (37) . All of these points of release are potential sources for widespread contamination. In light of the large scale production and use of chemicals, we therefore need a critical evaluation of the uses and properties of these chemicals in assessing their hazard to man and the environment (1, 16, 38) .
An evaluation of the hazard from a chemical's use involves consideration of a number of factors (1, 4, 16, 22, 31, (39) (40) (41) (42) (43) . These include the amount and nature of chemical being used, the manner in which it is used, the extent of transport and alteration in the environment, and the biological effect of residues on organisms including man.
October 1977 57 Over the years, a considerable body of information has built up relating physical chemical properties and reactivity to the behavior and fate of chemicals in the environment (10, 16, 18, 25, (44) (45) (46) (47) . From this information, it is possible to develop models of the transport of these chemicals and various facets of theiir behavior.
The soil becomes the residence for a large portion of the chemical that finds its way into the environment (17, 19, 34, 35, 48) . What happens after the chemical reaches the soil is of considerable importance in determining whether the substance will subsequently find its way into air or water, how long it will persist, and its bioavailability (14, 15, 22, 27, 31, 36, 49, 50) . The interaction between the chemical and the various soil constituents (sorption) is quite important. It was noted very early that with nonpolar organic substances there is an inverse relationship between water solubility and the extent to which the chemical is absorbed (38, 49, 51) . Subsequent studies of the thermodynamics of the sorption process suggested that the strength of binding for such chemicals may be related to the latent heat of solution (16, 19-21, 41, 46, 52) . Others had pointed to the fact that there is a correlation between the partition coefficient and the sorption of the chemical by the soil organic matter (10, 34, 36) .
Soil and sediments in water are quite complex systems consisting of clays, accompanying organic matter, and living organisms. While the initial reaction with the chemical may be physical in nature, this heterogeneous system may promote chemical reactions through catalysis through intervention of enzymes from the living organism (12, 17, 22, 26, 53) . These reactions usually result in the reduction of the biological activity of the compound, or its sequestration, the rates of which depend both on the soil or sediment system and the properties of the compound. Some of the common reactions include hydrolysis, oxidation, reduction, and conjugation (9, 14, 17, 38, 54, 55) . The rate at which these reactions, or decompositions, occur may give an indication of the persistence of the chemical in the aqueous or other components of the environment. There is evidence that the raite of hydrolysis of certain classes of organics in laborator-y buffer-systems give a good indication of the likely behavior of the compound in the natur-al system (3, 12, (56) (57) (58) Figure 1 and Table 4 . The partition coefficient of Fig. 2 ). This coupled with a refractoriness towatd reaction gives an indication not only of accumulation but transmission from one trophic level to another. The (70) . "Data of Martin (71) . hData of Ruzicka et al. (75) . 'Data of Kenaga (76) . mData of Thomson (77) . "Data of Kenaga (78) . "Data of Brust (79 coefficients indicate the propensity for uptake and storage of chemicals in biological systems. Compounds of low water solubility are nearly always extensively adsorbed on surfaces. In biological systems, the adsorption and storage of chemicals is a function of a compound's lipophilicity as well as its water solubility. So partition coefficients, or lipophilic to hydrophilic ratios, will determine whether a compound will be stored and biomagnified. Table 6 attempts to summarize what has been demonstrated in a number of publications on the relation of physicochemical properties to environmental behavior. 
Evaporation and Transport
To illustrate the evaporation of liquids, pesticide spray application will be used. The application of sprays for pest control involves forcing the carrier Environmental Health Perspectives liquid under pressure through the orifices of appropriately spaced and arranged nozzles. Almost regardless of the type of nozzle, fluids, e.g., water, oil, tend to break up into droplets as they leave the orifice. The droplet size is not uniform, rather any given nozzle and orifice will tend to produce a spectrum of droplet sizes on either side of the median.
A variety of forces and properties such as surface tension, viscosity, pressure of the fluid, orifice size and geometry, shear effects, etc., influence the droplet size spectrum.
The rate of fall of a droplet or any particle is governed by Eq. (2):
(2) where V is terminal velocity, r is radius of the droplet, Ap is the difference between the density of the particle and the density of air, g is the acceleration due to gravity, and -q is the viscosity of air (1.8 x 10-4 poise). Obviously then, with a given liquid, the size of the droplet becomes important in the rate at which it falls to the target area. The smaller the droplet, the slower this terminal velocity will be. If there is a wind to displace the droplet from a purely vertical line of fall, the droplet is said to "drift." It thus must follow a longer path from the nozzle to the target surface. The degree of displacement that a particle can experience is illustrated in Table 7 .
is large in relation to the volume of the drop (4.18 x 10-6 cm3). Obviously, if a drop is yet smaller, it presents a larger surface area in relation to its volume for evaporation. The relationship of evaporation to drop size is shown in Eq. (3): P = P,e 2yVIrAT (3) This equation indicates that as the radius gets smaller, the vapor pressure increases, and hence the rate of evaporation increases. During the fall of the droplet, evaporation will take place. This decreases the size of the droplet allowing even more extended drift.The rate of evaporation increases with temperature and, of course, reduced humidity which further exacerbates the problem.
Once a chemical is introduced in the environment, its entry into and transport through the atmosphere will depend on several factors such as the vapor pressure and the heat of vaporization of the chemical, the partition coefficient between the atmosphere and any other phase, and the air flow mass which will transport any chemical dispersed in the atmospheric phase.
The vapor pressure of the chemical will play a major role in the atmospheric transport since it re- Every substance has a tendency to change from solid to liquid to vapor due to the motion of the molecules making up that substance. The tendency of a liquid to pass into gaseous state or vaporize is indicated by its vapor pressure and is materially influenced by the amount of energy required to accomplish this procedure. The liquid droplet emerging from the spary nozzle now presents a large surface from which the various components of the droplet can evaporate. Thus, for example, the area of a particle of 200 gm diameter (a not uncommon size for sprays) is 0.001256 cm2. However, this lated to the proportional amount of chemical in the gas phase (14, 28, 32) . The vapor pressure P of a pesticide is related to the temperature T by the well-known Clausius-Clapeyron equation (4) 23, 48 ). An expression relating vapor pressure to quantity evaporating is found in the Langmuir equation (5):
where /3 is an evaporation constant of a chemical under a given atmospheric condition.
In the atmospheric phase, the kinetic motion of molecules as well as eddy current will cause their distribution. The molecules will distribute vertically like a column of gases having a concentration gradient. The heavier molecules will have the highest concentration at the bottom and the lighter ones on the top, and the pressure P (or concentration) of a chemical will be governed by the barometric formula (6): P = P0e-mYxRT (6) where x is the height at which pressure is sought, P0 is the pressure at some reference point, and m is the mass of the gaseous molecule.
The presence of suspended dust or aerosol particles may result in sorption of some of the vapors and consequently will increase the partition function of the chemical between the atmospheric phase and other elements of the environment. The sorbed chemical may then be transported some distance with the particulate. This may explain the finding of pesticides where they have never been used (13, 15, 27, 30) . Since the vaporization of a chemical from a surface is related to its diffusion in the air, air currents can increase the rate of vaporization.
Many chemicals in an aqueous system will evaporate simultaneously with the water; in other words, codistill (44) . Vapor loss of a pesticide from the soil system, for example, is accelerated by the presence of moisture. This has been shown with such diverse materials as 2,4-D esters, thiolcarbamates, triazines, N-phenylcarbamates, and the organochlorine insecticide aldrin (24, 46, 51) .
Although vapor pressure of a chemical to a great extent determines the entry of the chemical in the atmosphere, caution must be exercised in interpreting the data. The vapor pressure of a chemical can give a good estimate of air transport as long as the chemical is in the free state or is evaporating from an inert surface. However, when the chemical is bound to surface, the vapor pressure cannot be used as an index for vapor transport. It must be pointed out that while studying the vapor loss of a soil surface other factors which may control the release of the chemical may include temperature, initial concentration of the chemical, moisture, and pH.
Solution Behavior
The major factors contributing to the partitioning of a chemical into the aquatic environment are its water solubility (17, 18, 33, 34) and the latent heat of solution (16, 41, 46) . Many organic compounds in use today evidence a hydrophobic character having water solubilities in the parts per million (ppm) or even parts per billion (ppb) range. This makes exact determinations of their solubilities quite difficult.
The alkalinity or acidity of the solution is thought to influence the stability and the solubility of certain pesticides. For example, the solubility of triazine molecules (a class of pesticides) usually increases with lowering pH and is attributed to protonation of nitrogen with the formation of cationic species. The presence of salts in an aqueous solution of pesticide may cause ion-association or ion-pair formation.
As would be expected, temperature significantly influences the behavior of organic chemicals in aqueous solution. Though the exact mechanisms of the solubilization of some of the sparingly soluble chemicals is not known, solubility usually increases with temperature. The question still remains whether or not they form ideal solutions. However, by substituting the solubility of the compound at two temperatures in the Van The equilibrium in a chemical-soil system can be represented by Eq. (7): P(H20)x. + S(H.,O),, = P(H2,0)ZS (7) where P and S represent the compound and soil matrix, respectively. With sufficient water present, both the chemical molecule and the soil matrix will be in the hydrated form. The symbols x, y, and z denote the hydration numbers of the chemical, the soil, and the complex, respectively. The equilibrium constant KE for the reaction is: (8) Here the quantities in brackets represent the activities of the compound. An exact determination of KE is difficult since an estimate of the exact volume occupied by the adsorbed species is nearly unattainable. Usually the adsorption data for a soil-chemical system are represented with a Freundlich isotherm: xl/n = KC" (9) where xlnz is the amount of chemical sorbed per weight of the absorbent, C is the equilibrium concentration of the chemical, and K and n are constants. For a dilute solution of many compounds, the value of n approaches unity. The constant n throws much light on the nature of the adsorption, whereas K represents the extent of adsorption and is related to the free-energy changes in the adsorption.
The (20, 37) . For most of the neutral organic molecules the adsorption is of the physical type, in which there is first the formation of a monolayer on the surface followed by a buildup of multilayers. Hence, by analogy to the adsorption of gases on solids, the heat of adsorption for aqueous solution of a pesticide should be in the range of heat of solution.
Transport in Soil
Another important process which controls the transport of a chemical in a soil matrix is its movement with water, a process termed leaching (12, 33, 34, 52) . The leaching may take place in three directions: downward, since this is the usual direction of water movement, but the lateral movement of the chemical in the soil with water and even upward movement are sometimes significant. The upward movement, which is a result of mass transfer of water upward under the influence of evaporation fiom the surface, may concentrate a chemical at the soil surface, thus effectively removing it from the root zone.
The movement of water downward in soil is thought to be in the form of film and is produced by combined effects of capillary and gravitational forces. The chemicals are usually applied to the surface of the soil; as water arriving at the surface penetrates, it encounters the chemical, dissolving and carrying the chemical with it as it percolates through the soil.
The displacement of the chemical under rapid percolation of water is predominantly with the bulk of the water solution. Counteracting this downward movement is the tendency of isodiametric diffusion of the chemical in solution. Where the water percolation is rapid, the bulk movement of the chemical will be in the direction of water flow, but as water percolation becomes slower and slower, diffusion becomes a greater factor in determining the distribution of chemical. In other words, there is a dynamic equilibrium between the free chemical and the chemical in the adsorbed phase as the chemical is carried through the soil profile by the movement and the adsorbed phase. As a consequence, a chemical which is tightly adsorbed should be leached slowly, and vice versa (37) . Thus, the AH of solution gives an indication of a chemical's mobility in leaching.
In practice the important factors controlling leaching are water solubility of the chemical, adsorption, soil type, and moisture and percolation velocity. A highly soluble chemical having a low enthalpy of adsorption will be leached soon because of its tendency to go into solution. As a consequence the amount of chemical carried in the soil will be proportional to the amount of water available to dissolve the chemical. Temperature will play an important role in the leaching since it affects the solubility.
The behavior of chemicals described in the foregoing has dealt primarily with the different components of subsystem of the total environment. What is desired is a more comprehensive picture of the movement and behavior in the total environment system taking into account the interactions of the different subsystems. Perhaps the most intensive attempt to model behavior of a pesticide in the total environment has been done with DDT. Harrison et al. (86) , provided one of the early detailed models of the behavior of this chemical in an attempt to estimate transport through various trophic levels and possible persistence of the chemical. Woodwell (30) , in assessing a global model for transport and persistence of DDT, found the concentration much lower in certain compartments than would be predicted on the basis of the model utilizing the parameters available to him. The most recent attempt to give a quantitative description or model of the circulation of DDT was done by Kramer (87) . He pointed out that rates of degradation, transfer, and adsorption by plankton are critical factors in such a model. Recent monitoring data would appear to suggest the rate of disappearance of DDT may be more rapid in the general environment than had been previously estimated. Others have given some attention to modeling behavior of pesticides other than the organochlorines in the atmosphere, soil, and water. As yet, insufficient data has been accumulated to facilitate further development of these models.
Summary and Conclusions
Quantities of chemicals in ever growing numbers are being manufactured and used and in the process escape into the environment. As a result of this environmental contamination, man is being exposed to low quantities of many of these chemicals either directly or through his food chain. In many instances, little is known about the long-term consequences of such exposure at the low levels experienced. However, prudence would indicate that, in so far as possible, further reduction or prevention of this exposure is to be sought rather than attempting to deal with the health problem that may arise from it.
A body of knowledge is emerging and indicates a relationship between the properties of the chemical and the transport and behavior in the environment. In many instances quantitative data and usable mathematical relationship has been developed. On this basis it is felt that we are rapidly approaching the time where transport, behavior, and persistence of a chemical in the environment can be predicted from the properties of the chemical, method of use, and rate of degradation. Such predictions will be useful in evaluating possible exposure to man and the level at which this exposure may occur. Also, it would serve as a basis fort designing systems of handling, use, and disposal to minimize health and environimiental impacts.
The indirect impact of these chemicals on man is another area meriting attention. The alteration of biologically mediated geochemical cycles or modification of biota diversity indices can be of consequence to man's health and well being. There is reason to believe that chemicals in the environment acting singly or in concert may bring about alterations of these factors with a consequence to man. It would seem, therefore, that the area of transport, behavior, and persistence of chemicals in the environment, i.e. chemodynamics, warrants further attention and research.
Further research on the relationship between the properties of the chemical, characteristics of environmental compartments (e.g., soil, air, and water) the transport, behavior, and persistence of the material in relation to exposure to man is necessary. Concomitantly, efforts should go forward to develop appropriate models of this behavior so as to be able to assess exposure levels and devise the appropriate protective measures.
Development of a program for inventorying the chemicals in the environment, both as to kinds and quantities, would lead to the knowledge necessary for development of the appropriate monitoring programs.
Assessment of direct, latent, and indirect effects of environmental chemicals on man and the environmental processes of consequence to man's health as these chemicals move from source to ultimate sink is the ultimate goal.
